In this paper a comparison between two different methods for measurement of 
The characterisation of directional devices can be done by a number of methods. We have chosen the Ripple Technique for its conceptual simplicity. This makes use of a calibrated air line in order to introduce an electrical delay for separation of the signals involved. For its accuracy and ease of traceability we have chosen the Direct Calibration Method, which is based on a One-Port calibration performed externally with the aid of a calibration kit, see [1] and [2] .
Our first aim is to briefly describe the two methods. Subsequently we shall define the verification of the individual measurements against known standards, and compute the associated uncertainty. We shall then present the results obtained with both methods for a directional bridge previously certified by SESC Aquila 1 , computing the normalised error with respect to the reference values. In the light of the results obtained, we shall finally summarise the advantages and disadvantages of each method, and draw some conclusions.
The Ripple Technique
The Ripple Technique is aimed at the generation of a ripple signal from which the Directivity and Test Port Match of the DUT are to be extracted. It is a scalar approach as only the magnitude of S 21 is used. Reflection at the Test Port is measured against the full reflections introduced by a Short and an Open terminations, whose mean value is taken in order to account for the reversal in their phase combination.
The ripple signal is generated with the aid of a calibrated air line. At the other end of the air line a Mismatch Termination or near-matched Load (for determination of Directivity) and a Short Circuit (for measurement of Test Port Match) are attached.
As frequency is swept, the changing phase relationship between signals undergoing different electrical paths gives rise to a ripple superimposed on an average value. The latter is an indication of the main reflection present (the Mismatch Termination or the Short Circuit). For this reason the reflection coefficient of the Mismatch Termination chosen will be high enough with respect to the Directivity under test. See [3] for details about the fundamentals of the Ripple Technique.
A diagram of the measurement setup is represented in Figure 1 . The number of measurement points is usually large, and must be chosen according to the expected rate of variation of the ripple signal, which is a function of the air line length.
Fundamentals
Two ripple signals are obtained, with the air line terminated in a Mismatch Termination and in a Short Circuit. In order to determine their peak-to-peak amplitude locally, an algorithm is used which can be easily implemented on a spreadsheet. For each signal, two envelopes -maximum and minimum -are computed over a given "window" around each frequency point:
Where E + and E -are defined for each frequency point x i . N stands for the number of points before and after x i over which the envelopes are computed. The frequency points are equally spaced with a frequency step ∆ f, which has to be related to the "rate of variation" of the ripple signals.
The averaging window has to include at least one peak and one trough for the correct determination of the envelopes. For N=7 and ∆ f=25 MHz, the resulting window is 350
MHz, whereas the expected "period" of the ripple signal for an air line of 30 cm is 500
MHz.
Once the envelopes are obtained, the local ripple for each frequency point is calculated.
The Directivity and Test Port Match of the DUT are obtained as:
Where IL L is the insertion loss of the air line and ΓSC is the reflection coefficient of the Short Circuit.
Associated uncertainty
The main Type B contributions considered are as follows:
For measurement of Directivity:
1) The reflection coefficient of the air line and its associated uncertainty, which are combined by taking the root-sum-of-squares, Γlin
2) The accuracy of the algorithm to determine locally the peak-to-peak ripple, u al For measurement of Test Port Match:
1) The effective reflection coefficient of the air line in both ends, Γ1 and Γ2
2) The effective Directivity itself, D
3) The uncertainty with which the reflection coefficient of the Short is known, u SC 4) The uncertainty with which the insertion losses of the air line are known, u IL 5) The accuracy of the algorithm, u al When combined with Type A contributions (repeatability), the following expressions for the expanded measurement uncertainty are obtained:
For measurement of Test Port Match:
Where σ is the experimental standard deviation, n is the number of measurements and k is a coverage factor which depends on the ratio between Type B and Type A contributions and on the effective degrees of freedom. For a more detailed description of all these terms, including the derivation of the sensivity coefficients and divisors in formulas (3) and (4), see reference [4] .
Verification
As a means of verifying the scalar One-Port calibration, we can attach any known standard to the Test Port and compare its measured reflection coefficient against the reference values. In a first approximation degree, the uncertainty considered is the Directivity of the DUT itself. The normalised error -see paragraph 4 below -can be computed in order to accept or to reject the calibration.
The Direct Calibration Method
The Direct Calibration Method consists in externally calibrating the Analyser at the DUT Test Port, the whole system thus becoming a calibrated One-Port VNA.
Determination of the error terms involved allows us to easily compute the parameters of the DUT, as well as the associated uncertainty. The measurement setup is shown in Figure 2 .
Again, the only VNA parameter involved is S 21 , although the external calibration enables us to perform One-Port measurements in the Test Port. We shall take advantage of this feature in order to verify our measurements against known standards. 
Fundamentals
In Figure 3 we depict the main signals present in the characterisation of the directional device. The insertion losses of both arms are grouped into one single transmision term, E T . E I stands for isolation and E M for Test Port Match. The flow graph resembles the well-known three-term error model in One-Port calibrations [6] . Calibration at the Test Port has to be performed externally, e.g. with the aid of a spreadsheet.
Any device of reflection coefficient Γ , when connected to the Test Port is measured by the VNA in terms of S 21 as:
Eqn. (5) Calibration consists in putting three known standards in place of Γ and extracting the DUT parameters from the resulting three-equation system. For an OSL calibration, the individual measurements of the Broadband Load, the Open circuit and the Short circuit are called A, B and C, respectively:
Where ΓL , ΓOC and ΓSC are the reflection coefficients of the Load, the Open and the Short. Γm(Load) , Γm(Open) and Γm(Short) are the same coefficients as measured by the Network Analyser.
Broadband Load: The assumption is usually made that the Broadband Load in the cal kit is an ideal termination for the lower frequencies. Making ΓL =0 in eqn. (6.1) provides us with the first unknown:
Eqn. (7) Sliding Load: For the higher frequencies, use is made of a Sliding Load for determination of E I . In this case, several measurements are made for different positions of the Load, eqn. (6.1) thus becoming:
Where ΓSL,i is the reflection coefficient of the Sliding Load at its i-th setting, for i=1..n, where n is the number of settings and is typically between three and six.
From the determination of the centre of several measurements, using a curve-fitting algorithm [5] , we finally obtain E I as:
Eqn. (9) Open and Short circuits: Once E I is obtained, eqns. (6.2) and (6.3) can be reduced to a linear two-equation system and solved for E T and E M :
Associated uncertainty
In order to deterministically show the effect of the calibration items on the measurement of the DUT parameters, we shall examine the dependence of E I , E T and E M on the individual measurements which we have called A, B and C, tracing it back to ΓL , ΓOC and ΓSC . By doing this, the uncertainties associated with the measurement of E I , E T and E M can be related to the uncertainty with which the calibration items are known (worstcase combination):
Where all right-hand terms of the formulas are complex vectors, except for u L , u OC and u SC , which are the uncertainties with which the calibration items are known. They can be obtained from a calibration certificate. Alternatively, if the Load, the Open and the Short circuit are part of a Calibration Kit, the uncertainty can be estimated from the manufacturer´s specifications.
As for the Sliding Load, it must be said that its effect on the measurement uncertainty tends to be neglected. The reason is that, by definition of its use, the centre of a series of positions is taken as the equivalent isolation term E I , regardless of the reflection coefficient presented by the Load. This is only true as long as the reflection coefficient of the input connector is small enough. Otherwise, this residual reflection and its associated uncertainty should be used for u L .
Finally the Directivity and Test Port Match of the DUT and their associated uncertainties can be derived as:
Verification
Once the parameters of the directional device have been determined, any reflection coefficient attached to the DUT Test Port can be measured as:
The analyser becomes One-Port calibrated, thus making it possible to perform reflection measurements using the S 21 parameter as measured by the VNA. This allows us to verify the external calibration against a known standard, in order to gain additional confidence in our measurements. Also the uncertainty associated to the measurement of Γ can be estimated, as described in [6] : 
Where u L , u OC and u SC are again the uncertainties with which the calibration items are known. Worst-case combination has been assumed.
Finally, the normalised error can be computed, by comparison between the reference values of Γ (and their associated uncertainty) and those which we have called Γcorr , corrected by the measured parameters of the DUT. A criteria can be defined in order to accept the calibration, e.g. the normalised error being less than unity.
Measurement Results
We present here the results obtained for the characterisation of a Wiltron bridge, model 87A50-1, s/n 92496, fitted with an N-Type female connector. The measured values are compared against those certified by SESC Aquila, and the normalised error is computed.
The number of measurements was n=3, and a minimum standard deviation was assumed: whenever the experimental standard deviation σ was less than 0.003, this default value was considered for the computations. With both measurement methods, an averaging factor of 1,024 was used in the Network Analyser.
The normalised error εnorm with respect to a reference value is defined as follows: In this case, the values measured by SESC are taken as the reference.
Usually, the criteria is used to accept a verification if the normalised error εnorm is well below unity. Table 2 and Figure 4-(b) show the results for the measured Test Port Match of the same directional bridge, using both methods and comparing with respect to the reference values measured by SESC. TPM and u TPM stand for measured Test Port Match and its associated uncertainty.
Measurement of Directivity

Measurement of Test Port Match
With the Ripple Technique, one of the main contributions to the Test Port Match uncertainty is the effective Directivity of the bridge. The insertion losses of the air line, as well as its effective reflection coefficient, are also taken into account.
Comparison of measurement results
The results as regards the measurement of Directivity are quite good for both methods, when compared to those obtained by SESC Aquila. The normalised error does not exceed 0.3 in the case of the Ripple Technique, and 0.2 with the Direct Calibration Method.
As for the measurement of Test Port Match, the results are worse than those obtained for Directivity, although the differences between the two methods are not significant.
The Ripple Technique leads to slightly better results in terms of normalised error, and even so, not at all frequencies. With both techniques, the normalised error lies below 0.9.
Advantages and drawbacks of both methods
The drawbacks of the Ripple Technique are the number of measurement points (the ripple signal must be generated with a sufficient number of points per interval) and its limitation down in frequency. The method is not applicable at frequencies less than say 500 MHz, due to the lack of a complete interval of the ripple signal. Also the ripple must be processed with the aid of a computing algorithm, which is highly dependant on the averaging window selected. This can lead to differences in the measured peak-topeak ripple.
As a consequence of its scalar definition, this method provides only the magnitude of Directivity and Test Port Match. Thus we lack any information about the relative phase of both parameters.
The advantages of the Ripple Technique are its conceptual simplicity and the fact that it can work with any scalar system. If the accuracy of a visual inspection is acceptable for determination of the peak-to-peak ripple, the method is both easy and handy. 
